Abstract: We present a nanosecond pulse source operating at 560 nm by frequency-doubling a combined Yb-Raman fiber amplifier, achieving a pulse energy of 1.96 µJ with an overall efficiency of 30% from the 976 nm pump.
Introduction
Nanosecond pulse sources in the yellow-green spectral region (550-600 nm) with high pulse energy and near diffraction-limited beam quality are in demand for a number of imaging techniques, such as photoacoustic microscopy and stimulated emission depletion (STED) microscopy. In recent years, it has been demonstrated that stimulated Raman scattering (SRS) in optical fibers can be used in conjunction with second-harmonic generation (SHG) to access this spectral region using pulsed Yb:fiber sources with high conversion efficiency [1] [2] [3] .
In our previous works, we have shown that Raman amplifiers pulse-pumped by Yb:fiber master oscillator power amplifier (MOPA) systems, seeded with narrow linewidth CW signals, followed by frequency-doubling in periodically poled crystals are an effective route to generating yellow-green pulses [3] [4] [5] . The use of a discreet Raman amplifier, however, has an impact on the power-scaling potential due to the insertion loss of the components and deleterious nonlinear effects in the Raman amplifier fiber. An alternative approach is to introduce the CW seed at the Stokes wavelength before the final power amplifier in a Yb:fiber MOPA system. If the power amplifier fiber characteristics and pulse peak-power are chosen correctly, efficient Raman conversion can occur in the amplifier itself. The output of these combined Yb-Raman amplifiers can then be directly frequency-doubled into the yellow-green spectral region [1] . In this contribution, we present the frequency-doubling to 560 nm of a combined Yb-Raman amplifier, achieving a pulse energy of 1.96 µJ at a repetition rate of 1 MHz with an overall efficiency of 30% from the 976 nm pump, which, to the best of our knowledge, is the highest reported conversion from pump to yellow-green light to date.
Experimental Results
The schematic of the frequency-doubled combined Yb-Raman amplifier source is shown in Fig. 1 . The nanosecond seed pulses at 1064 nm were generated by a distributed feedback (DFB) laser diode (LD) that was driven by a durationtunable electrical pulse generator. The pulses were pre-amplified by two stages of Yb-doped fiber amplifiers that were core-pumped by single-mode fiber Bragg grating (FBG) stabilized laser diodes operating at 976 nm via filter-type wavelength division multiplexers (WDM). A bandpass filter (BPF) was included after each pre-amplifier stage to suppress amplified spontaneous emission and two hybrid tap coupler and isolator (TAP ISO) devices were used to monitor the seed power. Before the power amplifier stage, the 1064 nm seed pulses were combined with a narrow linewidth CW signal at 1120 nm from an FBG-stabilized laser diode via a filter-type WDM.
The power amplifier stage utilized a 6 m length of single-mode Yb-doped fiber (Liekki Yb1200-6/125DC-PM) that was cladding pumped by a wavelength-stabilized multimode (MM) pump diode via a (1 + 1) × 1 pump combiner (MMPC). A 0.8 m length of PM980 was spliced to the output of the active fiber and the splice was recoated in a high-index acrylate material to act as a cladding light stripper (CLS), which removed any unabsorbed pump light. The ouput of the PM980 was angle cleaved to prevent feedback from the Fresnel backreflection. All of the fibers used in the combined Yb-Raman amplifier system were polarization maintaining (PM), which ensured that the linear polarization of the 1064 nm and 1120 nm laser diodes was preserved and that the system was environmentally stable.
Figure 2(a) shows the average output power of the combined Yb-Raman amplifier as a function of 976 nm pump power when the amplifier was seeded with 40 nJ of 1064 nm pulse energy at a repetition rate of 1 MHz and 200 mW of 1120 nm CW signal power. The output power had a linear relationship (red line) with the pump power, corresponding to a slope efficiency of 69%. Using spectral integration, the proportion of the amplifier output within a 20 nm bandwidth of the 1120 nm signal is shown by the green points in Fig. 2(a) . Over the pump power range 3.2-7.0 W, greater than 95% of the amplifier output was contained within this bandwidth, demonstrating highly efficient Raman conversion over a relatively broad peak-power range.
At a pump power of 6.1 W, the output spectrum [ Fig. 2(b) ] revealed that 99% of the amplifier output was within a 20 nm bandwidth of the 1120 nm signal. The amplified 1120 nm signal had a 3 dB spectral bandwidth of 50 pm at this pump power, which was broadened from the seed linewidth (<10 pm, limited by the resolution of the optical spectrum analyzer) due to cross-and self-phase modulation. The 1120 nm pulses had a pulse duration of 2.0 ns with a relatively constant peak-power of approximately 2 kW with fast rising and falling edges [inset Fig. 2 The high power spectral density, linearly polarized output of the combined Yb-Raman amplifier had ideal parameters for efficient second-harmonic generation (SHG) in a periodically poled crystal. The amplifier output was frequencydoubled using a 20 mm long periodically poled lithium tantalate (PPLT) crystal, which had an aperture of 1 × 0.5 mm 2 and was AR-coated for 1120 nm (R<0.3%) and 560 nm (R<0.5%). The PPLT crystal was doped with 1 mol.% MgO and had a stoichiometric composition in order to increase the photorefractive damage threshold. The crystal was poled with a single 9.12 µm pitch grating, corresponding to a 3 dB spectral acceptance bandwidth of 0.15 nm for an 1120 nm signal at the quasi phase-matching temperature of ∼115°C. A half waveplate (HWP) was used to align the output polarization of the combined Yb-Raman amplifier to the extraordinary axis of the PPLT crystal in order to utilize type-0 phase-matching. The highest SHG conversion efficiency was achieved by focusing the collimated output of the Yb-Raman amplifier to a 71 µm (1/e 2 diameter) spot in the PPLT crystal, using an f = 75 mm plano-convex lens. The second-harmonic (SH) average power as a function of the combined Yb-Raman output power is shown in Fig. 3(a) . A maximum 560 nm average power of 1.96 W was obtained for a amplifier output power of 4.59 W, corresponding to an SHG conversion efficiency of 43%. The corresponding 976 nm pump power was 6.58 W, resulting in an overall optical efficiency of 30%. The SHG conversion efficiency had a maximum value of 47% at a pump power of 5.15 W, corresponding to an overall efficiency of 33% from the 976 nm pump. The roll-off in the SHG conversion efficiency can be attributed to the nonlinear spectral broadening of the amplified 1120 nm signal and the transfer of power to the second Stokes shift at 1180 nm [ Fig. 2(b) ]. The 560 nm average power can be scaled by increasing the repetition rate of the 1064 nm seed pulses to shift the point of maximum conversion to higher pump powers. The repetition rate of the 560 nm pulses was 1 MHz, resulting in a maximum pulse energy of 1.96 µJ with a pulse duration of 1.8 ns [ Fig. 3(b) ] and a 3 dB spectral bandwidth of <0.1 nm, limited by the resolution of the optical spectrum analyzer [inset Fig. 3(a) ]. The dip that formed in the 560 nm pulse waveform with increasing pump power [ Fig. 3(b) ] is evidence that back-conversion was occurring during the SHG process due to excessive nonlinear drive.
Conclusion
In conclusion, a maximum average power of 1.96 W at 560 nm was generated by frequency-doubling the output of a combined Yb-Raman amplifier in a PPLT crystal. The 560 nm pulses had a duration of 1.8 ns at a repetition rate of 1 MHz, resulting in a maximum pulse energy of 1.96 µJ. The SHG conversion efficiency was 43% and the corresponding 976 nm pump power was 6.58 W, resulting in an overall efficiency of 30%. This turn-key source is ideally suited to imaging applications such as photoacoustic microscopy and STED microscopy. This work was funded by the MRC (MR/K015834/1), EPSRC (EP/N009452/1) and the EOARD (FA9550-17-1-0194).
